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1 Bsenenme

Haymrane ckpbiToit macchl Bo BeesreHHOM siBIsieTcst OAHON W3 IJIaBHBIX IIPOOJIEM B COBPEMEHHOI
dusuke. B Hagase mpormioro cTosieTus MosiBUJINCH IKCIIEPUMEHTAJILHBIE CBUJIETEILCTBA TOTO, YTO
HEKOTOPbIE 3Be3/Ibl U FAJIAKTUKU BeIyT ceOst MHade YeM IIpeJCKa3biBajia TeOpUs, a UMEHHO, Bpallle-
Hue 0oJiee OT/IAICHHBIX YacTell ra/laKTUK HE TIO/ABAIOCh 3aKOHAM MEXAHUKU. DTHU SIBJICHUS OBLITH
O00bACHEHBI TEM, YTO Macca TaJaKTUK MOXKET ObITh 3HAYUTE/IHHO OOJIbINe, YeM HAOJII0IaeTCd HeIlo-
CPEJICTBEHHO. DTO MOJIOKUIIO HAYAJIO TIONCKAM HOBOI, CKPBITO# MaCChl, KOTOPYIO B MOCJIEICHCTBAN
Ha3Basn TeMHON Matepueii (dark matter). O Hajmuny TaKo# HEBUIAMMON MaTEPUU MOYKHO y3HATDH
0 ee IPABUTAIIMOHHOMY BO3JEHCTBHIO HA U3BECTHYIO HAM OGApUOHHYIO MaTepuio. 1]

Bapuonnas marepusi — MaTepusi, COCTOsIIAs 13 OapUOHOB (HEHTPOHOB, MPOTOHOB) U JIEKTPO-
HoB. To ecTh, mpuBbIYHAs HaM (hopMa MaTepuu. Eciu npunaTh BO BHUMaHue Bee (popMbl HapruoH-
HOIl MaTepuu, TaKue, KaK MEyK3BE3JIHbII a3, KOpUIHEBbIE U OeJible KapJUKKA, HEHTPOHHBIE 3BE3/IbI
U YepHbIe JIBIPBI, TO OKa3bIBAETCH, UTO JIJIsi OObIACHEHUs BCeX HaOJIIO/IaeMbIX SBJIEHUI HEOOXO/ -
Ma 3HaYUTeIbHast 70/ HebapuonHoit marepun. Vzmepenust Plank 1 WMAP nokasbiBaror, 4o
BKJI&JI TEMHOH MaTepuu B IIOJHYIO ILIOTHOCTHL BellecTBa B coBpeMenHoii Beenennoit okoso 20%.
Mpsr mipejimiosiraemM, ITO OHA COCTOUT M3 HOBBIX MACCCUBHBIX YaCTHUIl, OTCYTCTBYIOMMIX B CTanmapT-
HO# MoJie/in (PUBUKH IJIEMEHTAPHBIX YaCTHIl. TaKue JacTHIIbI JIOJIZKHBI ObITH HEPEJIATUBUCTCKUMU,
CTAOMIBLHBIMA U TIJIOXO B3aUMO/IECTBOBATH MEXKTy COOOI.

Ilo ompejiesiennio TeMHas MATEPUs - 3TO HEM3BECTHBII HAM THUIl MaTePUU, OTJIMYHBIN OT TeM-
HO¥l SHEPI'MU U U3BECTHOI HaM OapuonHoil Mmarepun. Ha3zBanue orpakaeT TOT (haKT, 9TO CKPHITAs
Macca HEBUIMMA B 3JIEKTPOMAIHUTHOM CIIEKTPE W3JIyYeHUS.



[LnornocTs BerecTBa Bo Beesiennoit p MOXKHO OIEHUTH U3 HAOJIIOICHUN JIBUKEHUS OT/IC/IbHBIX
rajakTuk. OOBIYHO p MPUBOJUTCI B €IMHUNIAX KPUTHIECKON IJIOTHOCTH p.
3H?
Pec =
(G

B s1oit popmyie H - mocrosinras Xab6sa, G - rpaBUTAIIMOHHAST TIOCTOSTHHASI.

[Ipu p > p. Beenmennas sBisieTcss 3aMKHYTOI, T.€. TPABUTAIIMOHHOE B3aNMOJIEHCTBIE TOCTATOY-
HO CUJIBHO JIJIT TOTO, 9TO0OBI BeeleHHast Hagasia CKIMAThHCS.

Wareprperannsg JaHHBIX 10 AHU30TPOIMH PEJIUKTOBOIO M3JIYUEeHUs, MMOJyIEeHHBIX B XOJe pa-
6orbt WMAP (Wilkinson Microwave Anisotropy Probe, 2003 r.) maja ciejyromiue pe3yibTaThi:
HabJIfo1aeMast II0THOCTh 2 = p/p., 6iu3ka (... Janable pactupenerenns

Q= Qneutrino + Qvis + QDM + QA

110 KOMIIOHEHTaM OKa3a/liCh paBHLIME: OapuoHHas Marepusd 2., — 4,4 %, témuasg marepus Qgqrk
— 23 %, «rémuas sueprusi> Qp — 72,6 % u pons neiirpuno 2, = 0,5%.

2 CBI/I,HeTeJIbCTBa CymecrBoBaHnA CKprTOI71 MaCChbl

2.1 TamakTmyeckue KpUBbIE BpaIlleHUSs

O,ZLHO 13 IVIaBHBIX CBHU/IETE/JILCTB O CyIIECTBOBaHUU TEMHON MaTepuun IOABUJIOCH IIPHU pacCMOTpe-
HUM BpallaTe/JIbHbIX CKOpOCTeﬁ 3BE3/I. ﬂBH)KeHHe 3BE€3J] AOJI2ZKHO OIIMCBbIBATbHCA CJACAYIOIIUM 3aKO-
HOM:

GM

r

V(1) =

e M - Bcd macca marepun BHYTpU cdepbl pajmyca r. B mepBoM npuOIMKEeHUN NEHTPAJILHYIO
0071aCTh TAJIAKTUKHA MOXKHO CUNTATh CepUIecKoi, T.e. U, X T.

Bo BHyTpeHHell yacTn rajJakKTUKHN OXKUJIAE€TCA JIMHEMHBII POCT CKOPOCTH BPAIIEHUS C YBeJInde-
HUEM PACCTOsiHUs OT IeHTpa. Bo BHemHelt obacTu rajakTuku Macca M mpakTudecKu MOCTOsSTHHA
I IIPEIIONIAraeTcs ITo v, o< 1 /2.

BwmecTo 3TOr0, OKasbiBaeTCAd UTO, KpUBasd BPAIEHUs] BHIPDABHUBACTCA C YBEJIMYCHUEM PACCTO-
stHIeM, mojipy3ameBasi aro M (r) o< r. D910 MOKHO O0bACHUTH TPUCYTCTBHEM JIOMOJHUTETHHON
HEeU3JIyvalonieil KOMIIOHEHTHl MaTePUU BHE BHJIMMON YACTH TAJIaKTHIECKOIO JINCKA . 3BE3JbI JIBU-
JKyTCs ObICTPee, YeM 3TO MPEJICKA3bIBAJIOCH TEOPUEHL.

[lepBeie yoeaurenbuble nanabie Ol omybankoBanbl B 1970 romxy Py6unoit u @opmom [2], ux
U3MEpEeHHs OXBATBIBAJIN paccTosgHue 24 KIc oT IeHTpa crnupajbHoil rajaktuku M31. Ha puc.
n300pakeH UX Pe3yIbTaT COBMEIIEHHBIN ¢ APYTUME n3MepeHusMu, mpojieHHbMu 10 30 kme. [lo-
BeJIeHNE SKCIEPUMEHTAJBHO W3MEPEHHBIX TaJIaKTHYeCKUX KPHUBBIX BpallleHUs He COOTBETCTBYET
YMEHBIIIEHUIO U, C YBEJIMYEHUEM PaIIyca.

Porammonnast ckopocTb v, OIpeJiesisieTcsl IyTeM HU3MePEeHUsl JIONIIJIEPOBCKOTO CJIBUTa B CIIEK-
Tpe uzayuenus H? obnacreit Bokpyr 3sesj. Uccnenosanne 21-cm junun (1epexos| CBEPXTOHKOI
CTPYKTYDBI B TOMe BOJIOPO/IA ), U3/IyIaeMOil MeXK3Be3/IHBIM BEIIECTBOM, TIPUBEJIO K AHAJIOTHIHOMY
pe3yJIbTATY.
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Puc. 1: KpuBasg Bpamenus g rajaktukn M31

@opma KpPHUBOI BpallleHns OKa3bIBAET UTO ILJIOTHOCTH TEMHON MaTepUu B raJlaKTUKe paciipe-
JieJIeHa CJIeYIONUM 00pa30M:

Ha ocnose stux Hab/o/iennit ObLIO MOCTYJIMPOBAHO CYyIIeCTBOBaHUE CHEepUIecKoro rajao TeM-
HOIl MaTepuu, OKPYKAIOIIEro TaJaKTUKY U OObACHSAIONIETO TTOBEJIEHNE TIOJTYYeHHBIX POTAITMOHHBIX
KPUBBIX.

2.2 T'paBuTanmoHHOe JUH3WPOBaHUE

TaK 7K€ B IIOJIb3Yy CyHIeCTBOBaHUA TeMHOI MaTepuun CJIyzKaT U3MEPEHUsA I'paBUTallMOHHOI'O I10JIf1
B CKOILJIEHUSIX TaJaKTUK. MeTo | rpaBUTAIIMOHHOTO JIMH3UPOBAHNE 3aKJII09aeTCd B SIBJIEHUN CBsI-
3aHHBIM C IIOJIEBBIMU yPaBHEHUSME OOINEH TeopHhsl OTHOCUTEJIbHOCTH, & MMEHHO, B OTKJIOHEHUN
9JIEKTPOMArHUTHOTO M3JIyUeHHsI B OJIM3M MacCUBHBIX Tejl. Kak mpaBHIO JIjIsI 3aMETHOI'O HCKasKe-
HUs N300parKeHusl Hy2KHbI MACChI TIOPSIJIKA pa3Mepa raJJakTUK WU UX cKorieHuit. ['paBurarmonnoe
I10JI€ CKOILJIEHUA MCKPUBJILAET JIYIU CBETa, UCITYIICHHBIC FaHaKTHKOﬁ, HaXOI[SIH.LefICSI 3a CKOILJIeHueM,
T. €. TPABUTAIMOHHOE TT0JIe JIeCTBYeT KaK JIMH3A.

CKollleHne TaJlakKTHK CO3/1aeT ITPaBUTAIMOHHY 0 JnH3y Ha Puc. 2] ciiesa. Ona nckaxaer dopmy
PACIIOJIOXKEHHBIX 38 JIMH30# 00bEKTOB — BBITATUBAA MX M300pazkeHusi B OAHOM HarpasjeHuu. [lo
BEJIMIUHE 1 HallPpaBJICHUIO BbITATUBaHUA I'PYIIIIa YICHHBIX, IIOCTPOMJIa pacCIIpe/ie/ieHue Mmacc, KOTO-
poe IoKa3aHo Ha IIpaBoM m3o0parkennn. Kak BIIHO, B CKOILJIEHMH COCPEIOTOUEHO Iopas/io 0oJIbIe
MacCChl, YeM BUJIHO B TEJIECKOIl. B JJaHHOM cilyvdae CKpbITas Macca MPeIloI0KATeTbHO YIACTBYeT
B pOJIe TPABUTAIMOHHON JIMH3HI.



Puc. 2: Cnesa: CromneHne rajakTuK co3maeT rpaBuTannoHuyio jaun3y. Cupasa: Pacupenenrenne
MacC JIJIsI JIAHHOTO CKOILIEHUS TAJIAKTUK

2.3 Bo3sHukHOBeHUE raJJakTukK

2.4 JInHamMuKa CKOIJIEHUI raJlaKTUK

,HI/IH&MI/IK& CKOIIJIEHUH raJlaKTHUK CBUJACTEJIbCTBYET B II0JIb3Yy CYIIECTBOBaHUA TEeMHOU MaTepuu.
Korna jBuzkenune cucrembl, MOTEHIHAIbHAS SHEPIUsS KOTOPOI SBJIAETCA OJHOPOIHON (DyHKIIMEH
KOoOpauHaT, IIPOUCXOAUT B OFpaHI/I‘{eHHOﬁ HpOCTpaHCTBeHHOﬁ O6J‘[ELCTI/I7 TO yCpeaHeHHbIe 110 BpeMeH!
3HAUYCHUI KUHETNYECKON 1 HOTeHLLI/IaJIbHOfI QHEPIruu CBA3aHbl APYT C APYIrOM TeopeMoﬁ O BUpuaJie.
OHa MOZKET 6BITI> HCIIOJIB30BaHa JJid OICHKH IIJIOTHOCTU BelleCTBa B CKOIIJICHMAX 60.HI>H_IOI‘O HqucJj1a
TraJIJaKTHUK:

2<T>4+<U>=0


Khlopov Maxim
Highlight

Khlopov Maxim
Sticky Note
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CpeﬂHHH KuHeThu4IeCKad 1 IIOTCHIMaJIbHaAd SHEPI'usd CKOILJIEHUA N raJIaKTUK Ja€TCdA BbIpazKEHUEM:
2
<T >z iN < m? > <U>= GN(N—l)ﬂ
2 2<r>
Yunreiasi, uro N(m) = M u (N — 1) & N, jyist AUHAMAYECKOH MACChI MOJIy9IaeM CJIeLy oIy 0
OICHKY:
2< v ><r>
G
U3mepennus cpeIHero paccTostHust < 1 > U CpeJiHel CKOpOCTH < U > JAI0T 3HAYCHNE JUHAMIIECKOI
MAacChl, KOTOPOe MPUMEPHO Ha J[BA MOPsIJIKA MPEBBINIACT MACCY, MOJIYIeHHYIO0 Ha OCHOBE aHAJIM3a
CBETUMOCTHU TajlakTuK. JlaHHBI daKT MOKeT OBITh MCIIOJIB30BaH KaK €Ille OJHO CBUIETEILCTBO B
I0JIB3Y CYIECTBOBAHNS TEMHON MaTEPUHL.

DTOT apryMeHT ToxKe umeer cBou ciaabble Mecta. Teopema o BUpHaJe cripaBejInBa TOJBKO IPH
YCPEIHEHUH 110 JUTUTEILHOMY BPEMEHHOMY IIEPUOJLY, KOT/Ia 3aMKHYTHIE CHCTEMbI HAXOATCS B PaB-
HoBecun. OIHAKO M3MEPEHNs TaJaKTUIeCKAX CKOILIEHNI TPEICTABIAIOT HHPOPMAIINIO O KOHKPET-
HOM MOMEHTE BpeMEHU. BOﬂee TOI'0, CKOIJICHUA TaJJaKTHUK HE ABJIAIOTCA 3aMKHYTBIMU CUCTEMaMU,
OHH CBsI3aHBI JPYT € ApyroM. Il HakoHerr, He SICHO, JOCTHUIVIK OHU COCTOSTHUS DABHOBECHS WJIU HET.

M=

3 XoJiojiHadg U ropg4dasi TeMHasd MaTepus

CrenaeM IpeIIOIOKEHIEM O TOM, 9TO YacTullbl 1M HaXOMUInCh B TEPMOINHAMUIECKOM PAaBHO-
BEeCHU ¢ OOBITHBIM BEIeCTBOM Ha PAHHUX CTaIUsIX 3Bojorun Beesternoit. B ornpeeiéHHBIN MOMEHT
BPEMEHU 3TU YACTHUIIbI BBIILIN U3 PABHOBECHS, U PACIPOCTPOHSAIOTCS € TeX Mop ¢BobojiHo. B 3aBu-
cumoctu ot Temueparypsl Ty (freeze-out), mpu koropoit 910 npousorwio, TM fgear na «ropsayo»,
«XOJIOJHYIO» W «TEILIYIO».

1. Topsigas Témnas marepust (HDM): Ty > M, Ecan B MOMEHT BBIXOJa U3 PABHOBECH: HEp-

I'Usl 9aCTUIl MHOTO TpeBbimaia ux maccy M, =~ 10 — 100 3B, TM nazwsiBator "ropsueii".
Taxumu Moru ObI OBITH JIETKHE YaCTHITHI JIBUXKYIIAECS C OKOJIOCBETOBBIMU CKOPOCTSIMH THU-
1a HETPUHO, HO KOCMOJIOTHYECKHUE JTaHHbIe NCKII0YAI0T BO3MOKHOCTH TOT'0, UTO TOCTIETHIE
COCTABJIAIOT 3HAYUTELHYIO JIOJIIO CKPBITON MacChI.
Eciu M, nopsnka KsB B Takom ciydae rosopsit o "rermioit"remuoit marepun. Pazuuna
MEXKJTY 9TUMU JIByMd CJIYYasiMH COCTOUT B TOM, YTO K MOMEHTY IEPEX0Jia OT PaUuaIliOHHO-
JoMUHUPYIOMei crajuu K nbuieBoit HDM aBigercd pe/iaTUBUCTCKOI, a Tellias y»Ke Hepe-
JAATUBUCTCKOIA. [3],]4]

2. Xonomuas rémuas marepus (CDM): Ecin wacrurer TM ormienuimcs 0T KOCMIYIECKOH T11a3-
MBI y2Ke OyJydId HepeIATUBUCTCKUMU, T. €. Ty 3HAUNTeJIbHO MEHbINEe Macchl dacTur M, To
rakyio TM HaspiBatoT «xoj0mHOE». OHA JOJKHA COCTOSTH M3 MACCHBHBIX MEIJIEHHO JIBU-
KYIUXC (M B 9TOM CMBICJIE «XOJIOJHBIX» ) YaCTHUI] UM CTYCTKOB BemecTBa. OHa HanboJee
HPEJITOYTHTE/IbHA ¢ TOYKHU 3PEHMs KOCMOJIOruHU, Tak Kak dactuiibl HDM npu jnBuzkenun c
PENSITUBUCTCKUME CKOPOCTSMU pa3TJIayKUBaJ Obl HEOJTHOPOIHOCTH ILJIOTHOCTA MAaTePUU Ha,
MacIITabax Mmopsiaka XabOJ0BCKOIO B Ty SIIO0XY U, TAKUM 00pa3oM, IPEIsiTCTBOBAIN ObI 00-
pPa30BaHMIO KPYIHOMACIITAOHBIX CTPYKTYDP, YTO IPOTHBOPEYUT HAOJIIOIATE/IHHBIM TaHHBIM.
QaKTUYIeCKH, TIOBEeIeHUE JacTull yzke ¢ Maccamu cBbirie 30 KsaB obnapykuBaer Bce cBoiicTBa
XOJIOJTHOWT TEMHOM MaTEepHU.



Opnnako, ¢ pu3nIeckoit TOUKHU 3peHus Harbojiee 000CHOBAHHBIM OKA3bIBACTCS MYJIBTHKOMIIOHEHT-
HbIE CIIEHApWUH, €M OOBIYHBbIE OTHOIIAPAMETPUYIECKIE MOJIE/IN.

4 Kanauaarbl HA PoOJib CKPbITOII MaccChl

4.1 DbapuoHHadg TeMHasl MaTepusd

He6osbias yacrs TeMuoit Marepun 4-5% MOKeT COCTOATH M3 OOBIYHOINO OAPUOHHOIO BEIIECTBA,
KOTOpOEe IIOYTH HE HUCIIYCKAeT COOCTBEHHOIO U3JIy4eHHs M 1103TOoMYy HepuiauMmo. CyliecTBoBaHUe
HECKOJILKIX KJIACCOB TaKUX O0bEKTOB MOXKHO CUYUTATH SKCICPUMEHTAILHO [OITBEPK ICHHBIM. JKC-
nepumedTsl EROS 1 MACHO, ocHoBaHHBIE Ha IpaBUTAIIMOHHOM JIMH3UPOBAHUU, TMPUBEIN K OT-
KPBITUIO MACCUBHBIX OOBEKTOB, PACIOJJOXKEHHBIX Ha Iepedepun rajakTUIecKuX JIUCKoB. Korma
TEeMHOE MACCHUBHOE TeJIO IIPOXOIUT MeXKIy HabJoJaTeeM U JaJIeKOi IajJakKTHKOM, ee SIpPKOCTb Ha,
KOPOTKOE BPEMsI YMEHbBINAETCs (MJIM YBEJTUYUBAETCsI, IOCKOJIbKY TEMHOE TEJIO BBICTYNAET B POJIH
IPABUTAIMOHHO JIH3bI). B pe3yibrare KPOMOTIMBBIX MOMCKOB TAKHe COOBITHST OBLIN BbISIBJIEHBI.
[Ipupoa MacCUBHBIX KOMIAKTHBIX Taj000beKTOB BCe elle He FCHa JI0 KOHIIA.

910 MOryT ObITh KOpuiuHEBbIE Kap/IUMKH - KOCMUYECKHE Tejla C MACCaMHU 3HAYUTETHHO MEHb-
me, dem macca Cosama (M < 0.08 M,,). I'paBuranimonnoro jgaBjieHusi BHyTPH 3TUX 0OBHEKTOB
OKa3bIBAETCS HEJOCTATOYHO JIJIsi CO3/IaHUsl TeMIIepaTyp, IPKU KOTOPHIX HAYMHAET IPOIECC CANSHUS
IIPOTOHOB B rejuil. I13-3a oTCyTCTBUS SAEPHOrO CHHTE3a, U3JIyYeHNe KOPUIHEBBLIX KapIUKOB OUeHb
cnabo, ecii He CYNTATh W3JIy9YeHHs] TeX U3 HUX, KOTOpble HAaXOJATCsS Ha paHHEH CTajii CBOEro
paspuTus. [l1anersr Tak»Ke MOrIn Obl BXOJAWTDH B 9Ty TPYIIILY.

OueHb KOMIIAKTHBIE OObEKTHI, HAXOJSIINECs] HA KOHEYHBIX CTaJUsAX Da3BUTHs 3Be3]| (Gesbie
KapJIUKU, HEHTPOHHBIE 3BE3/Ibl M YEPHBIE JBIPHI), TAKZKE MOIJIU Obl BXOJUTH B COCTAB TEMHOI MaTe-
pun. [TocKoIbKY B T€YeHMe CBOEro BPeMeHH YKIU3HH IIPAKTUIECKN KayKas 3Be3/1a JOCTUraeT OIHO
U3 3TUX TPeX KOHEUYHDLIX CTaJuil, TO 3HAUYUTEIbHAS YacTh MacChl DOJIee paHHUX U 00JIee TIAXKEJIbIX
3Be3/1 JOJKHA MPUCYTCTBOBAThH B Hem3jydaromieil (popme B Bujie OeIbIX KapJIMKOB, HEHTPOHHBIX
3BE3/I WU YEePHBIX JBIP. JacTh 3TOr0 BENIECTBa BO3BPAIAETCI B MEXK3BE3IHOE IIPOCTPAHCTBO IIy-
TEeM BCIIBIIIEK CBEPXHOBLIX WJIM JAPYITUMU IIyTIMUA U IPUHAMAET ydacThe B 00pa3s0BAHMM HOBLIX
3Be3. [Ipu sToM He ciejlyeT npuHUMaTh BO BHUMaHue 3Be3/bl ¢ Mmaccamu M < 0.9 M, Tak Kak
X BpeMs KU3HU OOJIbIIe, YeM BO3pacT BceseHHOM, n oHM ele He JOCTUIVIM KOHEYHDLIX CTaIuil B
cBoeM passuTuu. [5]

4.1.1 Maraurabsie MOHOIIOJIN

MarauTHBI MOHOTIOJIb — FUIIOTETHYECKAsT dJIeMEeHTapHas JacTUIla, 00J1a/1a01ast HeHYJIeBbIM Mar-
HUTHBIM 3aPSI0M — TOUYEYHBIN HCTOYHUK Pa/InabHOTO MAarHUTHOTO 1oJ1sd. M 1ero o cymecTBoBanun
MoHomnoJieit BbrBunyI Jupak B 1931 /151 00bsicHeHUsST KBAHTOBaHUS 3JIEKTPUYIECKOT0 3apsiaa. Huxk-
HIOIO OTICHKY JIJIT MacChl MOHOMOJIA JIMpaka MOXKHO OIEHUTHL UCXO/d U3 KJIACCUYECKOTO PaJIyCca

9JIEKTpOHA, mp ~ 2.4 I8 :
me

mp ~ 4692m,

40éE
TecHas cBsI3b MoHOIIOIEH 1 SJICMCHTaPHBIX YaCTHI] 00 DbACHAETCA TEOPUEH BEJIMKOI'O O6’b€,ZLI/IH€—

st — GUT (Grand Unified Theory). Corsmacio GUT macca MoHOMOJIEH J10/2KHA OBITH TTOPsijIKa.
10'" T'sB. [6] B macrosiee BpeMs TaKue SHEPIUE HEJOCTYIHBI 111 SKCIIEPUMEHTOB Ha, YCKOPUTEJISAX.



4.2 HebapuoHHasg TeMHas MaTepUs
4.2.1 CaaboB3aumoaeiicTByolue MmaccuBabie yactunbi WIMP

Teopernyeckue MojIe/IN IPEIOCTABIAIOT OOIBINON BHIOOP BOZMOXKHBIX KaH/IM/IATOB Ha POJIL Heba-
PUOHHOI TeMHOII MaTepun. B KadecTBe IVIaBHBIX KaHINIATOB Ha HEOAPUOHHYIO TEMHYIO MATEPHUIO
BeicTynatoT Tak HasbiBaeMble WIMP (Weakly Interactive Massive Particles — ciiaboszanmoseii-
crByforue MaccuBHble dacTurpl). Kak BuaHo u3 naspanng WIMP yuactBytor TosbKo B ciabom u
IPABUTAIIMOHHOM B3auMOIeicTBUU. VIMEHHO MTOSTOMY UX UPE3BBIYAITHO CJIOXKHO 0OHapyKuUTh. Mac-
ca WIMP noikna ObITH KAK MHHUMYM B JlecATKU pa3 Oosibiine Macchbl npotoHa. Toucku WIMP
BEJIyTCA BO MHOTHX 9KCIEpUMeHTax B TedeHue rnocaeannx 20-30 jiet, Ho, HeCMOTPsI Ha BCE YCUJINLA,
OHH JIO CHX IIOp OOHAPYZKEHbI HE OBLIMN.

OjtHa w3 njieit COCTOUT B TOM, UTO €CJIM TaKue JaCTUIIBI CYIIEeCTBYIOT, TO 3eMJIsI B CBOEM JTBUIKe-
Hun BMecte ¢ CoJtHIeM 10 opOuTe BOKPYT IeHTpa [ alakThKN J0/KHA JIeTeTh CKBO3b 00JIaKO, CO-
crosee u3 WIMP. Boumu moctpoens! cieruabHble JIeTEKTOPhI, KOTOPbIE TOJIXKHBI 3adUKCHPOBATH
peakimio paccesitust WIMP (skciepumentsr DAMA Nal, DAMA LIBRE). ITockosibky, jgBurasich
110 opbute BOKPyr CosiHiia, 3eMyis MeHsIeT CBOK CKOPOCTh M HAIIPABJIEHNE JIBUZKEHUSI OTHOCUTETHHO
BeTpa, cocrosiero u3 WIMP, To Bepogarnocts gactuiiam TM ObITh 386 TEKTHPOBAHHBIM MEHSIETCsT
B 3aBHUCHMOCTH OT BpEMEHN rojia. DKcrepuMenTaabaas rpymnmna DAMA | coobraer o HaOII01aeMbIX
FOJINYIHBIX BapUAIUAX CKOPOCTH cdeTa cUrHayioB. OHAKO JpyTrue IPYIIIbl OKa He MOITBEPKIAIOT
9TUX Pe3yJIbTATOB, U BOIIPOC, IO CYIIECTBY, OCTAETCA OTKPBITHIM.

Hpyroit meron nmoucka WIMP ocroBan Ha mpejnosioxkKeHun 0 ToOM, 9TO B TEUYEHHE CBOETO CY-
IECTBOBAHMSI pas/IdHble acTpoHoMuaeckre oobekThl (3emis, Coutile, eHTp Hameil [aniakTukn)
Jo/KHBI 3axBaTbiBaTh WIMP, KOTOpBIE HAKAILIUBAIOTCA B IIEHTPE 9TUX O0OBEKTOB, U, AHHUTUIAPY S
JIPYT C APYTOM, POXKJIATh ITOTOK HEHTPUHO. [ONbITKN TeTeKTHpoBaHus N30BITOTHOINO HEHTPUHHOTO
[OTOKa U3 IeHTpa 3emyin B Harpasjenun kK CoJHiy u K 1eHTpy [amakTuku ObLIM IpeaipuHATHL
Ha [OJI3eMHBIX ¥ [OJIBOJHBIX HedTpuHHbIX jerekTopax MACRO, LVD (aboparopus I'pan-Cacco),
NT-200 (ozepo Baiikam, Poccust), SuperKamiokande, AMANDA (crannus Ckorr-Amynacen, FOx-
HBII [IOJTIOC), HO MOKa, HE IPUBEJIN K TIOJIOKUTEIHLHOMY Pe3yJIbTaTy.

[Tpsimoe nerekTupoBanne dactuil TM IPOBOIUTCS Ha TIOJ3EMHbBIX CIMHTHLISIIMOHHBIX JeTeK-
topax (EDELWEISS, LUX, DARK SIDE, XENON u 1), na my3ssipbkoBoii Kamepe (BubXe)
1 MHOTHX JPYruX sKcrepuMenTaX. CHUHTUILIAIUIOHHBIE JEeTEKTOPhI HAICJEHBI HA PEruCTPAIAIO
SHEPrOBbIIEIEHUS B 00bEME JIETEKTOPa, BHI3BAHHOI'O BO3MOXKHBIM PACCEIHUEM TSAKEJIONH JacTHIlbI
Ha sJIpe CIUHTHLISTOPA. DHEPTHUsl Mepejiadn cocTapisieT Beero jecatku K3B. Tem ne menee, B
9KCIIEPUMEHTAX BEJETCs ITOMCK SHEProBbIAe/IeHIH Takoi Bemanibl. OHU JIOJZKHBI IIPOUCXOIUTH C
4aCTOTOM’:

V=Up*Ny * Ng*onx

rje onyx cedenue ynpyroro paccesguus WIMP na siape, v, — ckopocts WIMP, n jiokaabHOil 1m110T-
HOCTBIO YHMCJIa 3TUX YaCTHUIL Ny = PCDM)/M,, & TAKXKe KOJMIECTBOM #Anep B aerekrope Ny. B
KadecTse IpuMepa, npu cedenun oyy ~ 10738 em? u macce M, = 10 I'sB B merekTope Maccoi
10 Kr 3amoHeHHBIM fapamn muHemm ¢ A = 100 oxumaerca v ~ 5 * 1078 ¢!, T.e mopsaka of-

HOrO cOObITHA B T07. OTCyTCTBHE CHUTHAJIA TO3BOJISIET UCKIIOYNTH COOTETCTBYIONIYIO 00OpacTh B
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Puc. 3: Obaactu BbIle KPUBBIX TOKA3BIBAIOT COOTBETCBYIOT ODJIACTU IApPAMETPOB, B KOTOPBIX pa-
60Ta I WM HAYHYT CBOIO pabOTy COOTBETCBYIOIINE SKCIIEPUMEHTHI 110 MOUCKY dacTtuil — WIMP

OxcrepuMenTh! 110 morcky WIMP akTuBHO POBOAAT Tak»Ke Ha YCKOPUTEIAX JIeMEHTAPHBIX
gacTuil. YCKOPHB dacTuily (Halpumep, MpoToH) JI0 OY€Hb BHICOKON SHEPIUHU U CTOJKHYB €€ C IPYyToii

YaCTUIEH, MOXKHO OKIJIATh POXKJICHU 1ap JPYIuX dacTur u antudacturl (B Tom dncie WIMP),

cyMMapHasg Macca KOTOPBIX paBHa CyMMapHOI SHeprum cTaJKuBaronmxcs dactuil. Ho m yckopu-
4.2.2 HeiiTtpuno

TEJIbHbIC S9KCIIEPUMEHTDBI IIOKa HE IIPpUBEJIN K ITOJIOZKUTE/JIbHOMY PE3YJIbTaTy.

DKCIPUMEHTBI 110 00OHAPYKEHNTO HEHTPUHHBIX OCIMJLIAINI JJOKA3a/ 1, ITO 3TH YaCTUILI 0018 1a10T

0003HAYAET YUCJIO THIIOB JIETKUX HEUTPUHO.

MaCCON OTJIMYHON OT HyJIsl, CJIeI0BATEILHO, OHU JOJKHBI BHOCUTDL BKJI&J B CKPBITYIO Maccy. s
nocrukenns ) = p/p. = 1, HeobxonuMbl HefiTpuHHBIE Macchl nopsiaka (15 — 65)/N, 5B, rue N,

HeliTpuHO BBITIIN U3 COCTOSTHUS TEPMOIMHAMUIECKOTO PABHOBECHUSI IPUMEPHO depe3 1 ¢ mocite
Boasmoro Bapeisa npu remmeparype 1010 K (uro orseuaer sneprun 1 MsB). B 1o Bpemst onn
MaTepHH.

O6JIa,ZLaIOT PEIATUBUCTCKUMHU HEPIUAMU W TE€M CaMbIM CYUTAIOTCA YaCTUIaMH ropﬂqeﬁ TEMHOI

JLnst ompejiesieHusT MAcChl HEMTPUHO ITPOBOJIUIICS TIEJIbIN PaJ SKCIIEPUMEHTOB 110 HCCJIeI0BaAHUIO

SHEPIeTUIECKOTO CIIEKTPa 3JEeKTPOHOB 1pu [ — pacuaje Tputus. Hanbojiee TOTHBIME OKA3aUCh
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SKCIIEPUMEHTBI JIAJIM CJICJIYIONIUE OIEHKH JIJIs BEPXHEH I'PAHUIIbI MACChI 3JIEKTPOHHOI'O HEHTPUHO:
m,, < 2 3B. BoJsiee Toro, n3y4yenns Bapuaryii KOCMIIECKOIO MIKPOBOJIHOBOI'O (hOHA C ITOMOIIHIO
Plank pmanm cieyiomue orpanndennsi Ha CyMMY Mace TpexX copToB HeHTpuHo: Mgmm < 0.320 £
0.081 »B.

Takum 06pazoM, HEUTPUHO MPAKTUIECKN HCK/IIOYAETCS B KAUeCTBe KaHIUIaTa Ha JOMUHUPYIO-
U KOMIOHEHT TEMHON MaTepuu.

Tsxkeunbie HeliTtpuno: Cornacao jgamabiM LEP m SLAC, oTHOCAIMMCS K TPEIU3HOHHOMY
U3MEPEHWIO MUPUHBI paciajia Z — 0030HA, CYIIECTBYET TOJbKO TPU THIIA JIETKUX HEUTPUHO U UC-
KJIOUAETCsI CYIECTBOBAHNE TSXKEJIbIX HEHTPUHO BILIOTH J0 3HadeHuit Mmacc M, /2 T'5B.

Takum obpazom, TsKeJIble HEUTPUHO, €CJI OHU CYIIECTBYIOT, OTHOCATHCS K 9€TBEPTOMY ITOKO-
JIGHWIO U JIOJI?KHBI UMeTh Maccy OoJibliyio deMm 45 ['9B. A u3 Toro, 4To oHH, KaK M 3JEeKTPOHHOE,
MIOOHHOE M Tay-HEHTPUHO, CTAOUILHBI U HEHTPaJIbHBI, TO COBOKYITHOCTD JIAHHBIX CBOMCTB, Ka3aJ/I0Ch
ObI, TIO3BOJISIET CYUTATh UX KaHAuIaraMu Ha pojb WIMP.

HeiliTpuno geTBepTOro mokoJieHnsi MOTyT ObITH KaK JIEBO-, TaK U ITPABOIIOIAPI30BAHHLIME. Teo-
peTUYIecKuil pacueT cedeHus MPSIMOro JIETEKTUPOBAHUS JIEBOIIOIIPU30BAHHBIX HEHTPUHO YeTBEPTO-
T'0 TIOKOJIEHUSI TTIOKA3aJ1, 9YTO C€YEeHNEe OKA3bIBAETCs CJIUITKOM OOJIBIINM, YTO TPOTUBOPEUHT ITPEhI-
JIYIITIM 9KCIIepUMEHTAIbHBIM JaHHbIM. C KOHCTAHTON CBSI3M, COOTBETCTBYIOINIEH 3JIEKTPOCIADOMY
B3aUMO/ICHICTBUIO, U B IPEIIOJIOKEHUN, YTO HEUTPUHO PACCEUBAETCS Ha IIPOTOHE, OHO MOy YaeTCs
pasabM 10738 cM? Ha HyKJIOH, B TO BpeMs KaK 9KCIIEPHMEHTBI 10 IIOHMCKY TeMHON MaTepun ja-
foT orpanmdenus nopgaaka 1074 cm? ma mykion (o ganupiv skcnepumentos CDMS 1 XENON),
CiieioBaTeIbHO, Macca TAKUX HEHTPUHO JlayKe CJIUIIKOM BEJIUKA, YTOObI CUMTATH X XOPOIIUMU
KaHIUJIaTaMu, a KPO 070, TPYIHO O0BSICHUTH, MMOYEMY OHHM OCTAIOTCs CTAOMIbHBIME IIPU TAKOM
OOJIBIIION Macce. N@

CrepusibHble HEUTPUHO: HeKoTOpbIe 13 BO3MOYKHBIX PACIIMPEHUT CTAHIAPTHON MOIEN O/
pasyMeBaioT BBEJIEHHE JOMOJHUTEIbHBIX YACTUIl — CTEPUJIbHBIX HEHTPUHO — JIEBBIX (DEPMUOHOB,
CMEIIUBAIOIMMUXCA C O6bI“IHbIlVH/I AKTHUBHBIMUI HeﬁTpHHO. CTepI/I.HbeIe HeﬁTpI/IHO IPeAII0JIO2KUTEJIb-
HO Yy49aCTBYIOT TOJIBKO B I'DaBUTaIlUOHHOM BSaI/H\lOI[‘eIU/ICTBI/H/I.

CyriecTBoBaHMEe TpeX MOKOJIEHUI HEHTPUHO OBLIO MPOBEPEHO M M3YyYEHO B IKCIIEPUMEHTAX C
HEHTPUHO aTMOC(HEPHOTO MTPOUCXOKICHU, ¢ HEUTPUHO, POKICHHBIMUI B SJIEPHBIX PEaKTOpax, U C
HEHTPUHO, MTOJIYIeHHBIMI Ha YCKOPUTEJIE.

O,ZLH&KO7 nMeeTCd pdald SKCIIEpUMEHTaJIbHBIX (I)aKTOB, CBH/JICTEC/ILCTBYIOIIUX O TOM, 9YTO H3ME-
PEHHBII TIOTOK V OKa3aJICd MEHbIIe pacdeTHOro. [lepBblit U3 HUX — YCKOPUTEIbHbIE SKCIIEPUMEHThI
LSND|7] B Jloc-Anamoce u nocnenyromuit MiniBooNE[8] B ®epmuiab. Pesynbrar LSND — ca-
MBIl TIEPBBIN U JI0 CUX [OP MMEET HAMOOJIBIINYI0 CTATHCTHIECKYIO 3HAIUMOCTh. JIpyrum skcrepu-
MEHTAJIBHBIM (DAKTOM SIBJISIETCS «Ta/IIHEBasi aHOMAJINsT», BOSHUKINA IPU KAJTHOPOBKE Ia/ITHEBBIX
HEHTPUHHBIX JeTeKTOpOB Ha sKcrepumMente Gallex|9| ¢ moOMOIBbIO HCKYCCTBEHHOTO MCTOYHUKA U,
SLCr.

HaxkoHnerr, 66110 3asIBJIEHO O CYIIECTBOBAHUN PEAKTOPHON aHTHHEiTpuHHOM aHomaanu[10]. Ho-
Bble, 60Jiee TOYHBIE BBIUUCCHUs MMOKA3AJM, ITO U3MEPEHHBIN MOTOK I, OKa3aJcsd 3HAIUTETHHO
MEHbIIIE OXKIJIaeMOro. ABTOPBI paboOT 3asBUIN O JeMDUITUTE 3aPETUCTPUPOBAHHBIX COOBITUI B HEll-
TPUHHBIX 9KCIIEpHUMEHTaX.

HOﬂyqubIe JaHHble MOI'yT CBUAECTEJILCTBOBaATL B IIOJIB3Y CYIIECTBOBaHHUA CTEPUJILHOI'O Hel-
TpuHO. Ec/n crepuibHble HEUTPUHO CYIIECTBYIOT, OHU MOV Obl BHECTU BKJI&J[ B U3BECTHYIO HAM
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4.3 HoBble 9acTunbl - KAHAUAATHI HA POJIb TeMHOI maTtepun. Cyrnepcum-
MeTpPUYHbIE YACTUILI

CynepcuMMeTpust 9TO CUMMeTpHdA MexK 1y 6030HaMu u dbepMuonamu. BobIMHCTBO cymepcnm-
METPUIHBIX TEOPHil COIEPKUT OJIHY CTAOMIBHYIO YACTUILY, KOTOPas SABISETCS HOBBIM KaHJIMIATOM
Ha poJib TeMHOI MaTepuu. CyIecTBOBaHNe CTAOUIHLHON CYIIEPCUMMETPUIHON JACTUIIBI CJIE/IyeT U3
COXpaHeHUsI MYJIbTUILTIKATHBHONO KBAHTOBOI'O YHC/Ia - R-4€THOCTH, KOTOPOE IIPUHUMAET 3HAUCHIEe
+1 jy1st OOBIYHBIX YACTHUIL, U -1 JJIst X CylepIapTHEPOB. DTO €CTh 3aKOH COXpaHeHus R-yeTHOCTH.
Cortacao sTomy 3akoHY coxpanennst SUSY-gacTuisl MOTYT 0Opa30BBIBATHCA TOJBKO MMapaMu 1
SUSY-gacTunpl MOryT pacrnajarbcd TOJAbKO Ha HedeTrHoe unciao SUSY-uacrur. CireoBaTesbHO,
Jlerdaifias cynepcuMMeTprIHas YaCTUIA JOIKHA ObITh CTaOUIBHOIA.

Cpe/i BOBMOXKHBIX KaHIUJIATOB Ha POJIb HEHTpabHON Jierdaiiiieil cylepcuMMEeTPUIHON Ya-
crunpl umerorcss doruno (S = 1/2) u suno (S = 1/2), a takxke xurrcuno (S = 1/2), cueiirpu-
HO (S = 0) u rpaButuno (S = 3/2). JluneiiHble KOMOMHAIMN BCEX BBIIENIEPEUNCTCHHBIX YaCTHIL
HasbiBaroTcsd Hefirpanuno. Ero macca, ckopee Bcero, jomkua ObiTh 6osbime 10 ['sB. Pacemor-
peare SUSY-uacTuir B KauecTBe TEMHOW MATEPUU IIPEJICTAB/IAET OCOOBI MHTEPEC, TaK KaK OHU
HOSIBUJTUCH COBEPIIIEHHO B JIPYIOM KOHTEKCTE W He OBLIN CIEeIUaIbHO BBEJECHBI JJI PA3PENIeHIs
pobsieMbl (HeGAPHOHHOIT) TeMHON MaTepuu. [lorCK CynepcnMMeTPUIHBIX YACTHUIL SIBJISIETCS OJHOI
13 OCHOBHBIX 3aJ1a9 SKCIEPUMEHTOB B 00pacTH (DU3MKU BBICOKUX SHEPTUi, B YACTHOCTH, MTOWCK
cyTepriapTHEpPOB BejeTcsa Ha Kojutaiinepe LHC

4.4 Jpyrue KaHIuaaThI

B HexkoTopwix 06001mmeHnst CTanmapTHOR MOJIEI UMEIOTCSI HOBbIE CKaJISIPHBIE MJIU IICEBI0CKAJISIP-
HbIe JaCTHUIbI, HEKOTOPbIE U3 KOTOPBIX OKa3bIBAIOTCS HACTOIBKO JIETKUME U CJIab0B3aNMOIECTBY-
IOIIUMU, 9TO U3 MOXKHO pacCMaTPUBATh B KA9eCTBE KaH/IMIATOB Ha POJIb YACTHIl TEMHOW MaTepHH.
Cpean Takux Mojeseil MOXKHO MepEIUC/IUTh MOJIE/H ¢ JeIKUMIA aKCHOHAMHM, TUIaTOHAME, (haMu-
JIOHAMH, CTOJIICTHHO U JIp.

Cnaboe B3anmoeiicTBue stux dactul ¢ dacturamu CM u goaroe BpeMst KU3HIA CBSI3aHHBI CO
crermuIecKkuMu 0COOEHHOCTSIMIA COOTBeTCBYIOIUX 06001menuit CM, HanmpaBIeHHBIX Ha pPEIIeHne
KaKNX-JIM00 ee mpobJieM. Ecimi 1o KakuM-To MpruarHaM HapaMeTphl 9TUX MOJIeJIeil IPUHIMAIOT 3Ha-
JeHUs1, 00ECIIeINBAIOIINX BhINIEIIEPEINCIeHHbIE CBOMCTBA JTaHHBIX YaCTUIl, TO UX MOXKHO CUATATH
€CTEeCTBEHHBIMH KaJIUHIaTaMi Ha POJIb JaCTUIl TEMHOI MaTepuu.

BOJIee IK30TUYICCKUMU KaJuJaTaMn Ha POJIb IaCTHUIL TEeMHOI MaTepun ABJIAIOTCA CTa6I/IJIBHbIe
cBepxTszKesble yactunbl Wimpzilla’s ¢ M, > 100 TsB Takue gacTuibl, Haxo uBIIAECS B Tep-
MOJIMHAMUYIECKOM PaBHOBECHH B paHHell BcesleHHOI, 3alpelnenbl 13-3a Iepernpon3BoICTBa TEMHO
MaTepun. UeMm TsizKejiee JacTHIbI, TeM MEHbIIe UX CedeHHe aHHUTWIAINNE U TeM 0oJjiee BhICOKas
y HEX TeMmieparypa 3akaiku 1y. VI3 sToro ciemyer, 9To mpu U3BeCTHOM HaM 3HadeHHu 1, ~ 0,2
TaKNe 9aCTUIbI HUKOI'/Ia HE 6bI.HI/I B COCTOAHHUHN TEPMOJIMHAMNYICCKOI'O paBHOBECHUA. HpI/I‘{I/IHa BBEJIe-
nus gactut] TM nMeHHO ¢ TaKo#t Maccoit B TOM, 9TO CJIa00B3AMMOJIEHCTBYIONINE TACTHIIHI ¢ MaCCOM
1o 1 TB noka e HaiijeHbl HU Ha YCKOPUTE/ISIX, HA B IPSIMBIX ITOMCKAX.
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Tak kak nanuune TM j10Ka3bIBaeTCs JUMIb €€ IPABUTAIIMOHHBIMY CBOMCTBAMU, TO IIPEIITPUHU-
MaJIMCh MOTMBITKI CO3/aTh MoauduimpoBanubie Teopun rpasutanun 6e3 TM, takne kak MOND
(MoaudurnupoBanHast HBIOTOHOBCKasl JTMHAMEKA ), KOCMOJIOIHYECKAasl TOCTOSTHHAST U I'PABUTAIMOH-
Hasl TIOCTOsIHHAs! 3aBucsiiiasg or BpeMéH [11]. Ho Bce atn Teopun mmeroT psiji HEJIOYETOB, TaK YTO
HA JIAHHBIIT MOMEHT JIydliie 00bsICHEHIEeM I'PABUTAIMOHHBIX AHOMAJIMI SABJISETCS HAJIUYUNE CKPBITOM
MacChI.

B zaksiouenne oTMeTuM, YTO €CThb ellle TEJbIil PsJi KaHJIUJIATOB Ha POJIb TEMHOI Marepuu
— CcTaOUJIBHBIX YACTHIL UK JAPYTuX 00bekToB. Cpeau HUX: MepBUYHBIE YEPHBIE JIBIPHI, aKCHHO —
cyIepIriapTHED aKCHOHA, 3epKajbHasg MaTepus, TeOPHs MJIa3MEeHHOIl KOCMOJIOTUN U JIPYTHE.

st obbscHennsl HAOIIOAAEMOT0 KOJIMYECTBa TEMHOM MaTepun mapaMeTpbl COOTBETCTBYIONTUX
MoJIeJIell MOTI'YT PUHUMATH HEPEAJUCTUIHbIE 3HAUEHUs WK TPEOYIOTCS JIOTIOTHUTE/IbHBIE TTPEJIIIO-
snokenud. penckazanus g mwmornoctu TM B TakuX TeOpUAX OKA3bIBAIOTCA CHIBHO MOJIETHHO-
3aBUCUMBIMU. B TakKOM cjrydae, YaCTHIIbI HEJIb3d HA3BATh €CTECTBEHHBIMU KAHUJIATAME, TOCKO/Ib-
Ky C TEOPETUIECKOI TOUKM 3PEHMs HET OCHOBAHUII 0yKMJIaTh, YTO TTapaMeTPhl B JefICTBUTETHLHOCTH
Oy/IyT NIPUHUMATH HYKHbIE HAM 3HAYEHU.
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